One hundred and fifty years after the discovery of Neanderthals, it is held that this morphologically and genetically distinct human species does not differ from modern Homo sapiens in its craniofacial ontogenetic trajectory after the early post-natal period. This is striking given the evident morphological differences between these species, since it implies that all of the major differences are established by the early post-natal period and carried into adulthood through identical trajectories, despite the extent to which mechanical and spatial factors are thought to influence craniofacial ontogeny. Here, we present statistical and morphological analyses demonstrating that the spatio-temporal processes responsible for craniofacial ontogenetic transformations differ. The findings emphasize that pre-natal as well as post-natal ontogeny are both important in establishing the cranial morphological differences between adult Neanderthals and modern humans.
INTRODUCTION
How differences in ontogeny generate adult variation has been addressed in many different vertebrate groups, including primates ( Falsetti & Cole 1992; Gomez 1992; Shea 1992) , domestic dogs (Canis familiaris; Wayne 1986), rodents ( Voss & Marcus 1992; Cardini & O'Higgins 2005) , birds (Bjorklund 1996) , reptiles (Monteiro & Soares 1997; O'Keefe et al. 1999 ) and fishes (Strauss & Fuiman 1985; Klingenberg & Ekau 1996; Zelditch et al. 2000) . Klingenberg (1998) notes that one of the most striking generalities to emerge from these studies is that early development is more flexible than later (post-hatching/post-natal) growth. Further, during post-natal ontogeny, 'changes in directions of growth trajectories tend to be fairly subtle, compared with ontogenetic scaling and lateral transposition'. He concludes that 'there is more evolutionary flexibility for changes in early ontogeny (leading to lateral transposition) or for extension and truncation of conserved trajectories than for alterations of the relative growth rates of individual traits that are necessary to change the directions of trajectories'.
Certainly, this holds for several extant primates (reviewed in Cobb & O'Higgins 2004) , but while comparing Neanderthals and modern humans, there is debate as to whether or not they show any post-natal divergence of craniofacial ontogenetic trajectories (Ponce de Leó n & Zollikofer 2001; Ackerman & Krovitz 2002; Krovitz 2003) . Thus, it is striking that 150 years after the discovery of the first Neanderthal, there is still no clear answer to the basic question of whether or not the postnatal changes in craniofacial form of Neanderthals parallel those of modern humans. In essence, the question is whether the differences between Neanderthals and our own species arise pre-natally and are simply carried into adulthood through parallel ontogenetic trajectories in size and shape (Ponce de León & Zollikofer 2001; Ackerman & Krovitz 2002) or further significant differences in form arise post-natally (Krovitz 2003) .
From the broader perspective of evolution, natural selection has generated ontogenies that produce phenotypes adapted to their environmental conditions. Thus, the extent to which two related species share post-natal ontogenetic trajectories (i.e. grow, develop and scale similarly), at least in part, reflects the evolutionary mechanisms by which diversification occurs. Additionally, post-natal craniofacial ontogeny in being modulated by interaction with the external environment can be informative with respect to the immediate (e.g. biomechanical-functional; Rubin & Lanyon 1987 ) environment of the developing organism. Classically (Gould 1977; Alberch et al. 1979; Shea 1983; Rosas 1997; O'Higgins & Jones 1998; Zelditch et al. 2001 Zelditch et al. , 2003 Strand-Viðarsdóttir et al. 2002; Cobb & O'Higgins 2004; Mitteroecker et al. 2005) , students of post-natal ontogeny seek explanations for adult form in both the extent to which form is determined at birth and the extent to which subsequent ontogeny generates new or additional aspects.
Neanderthals are very large-brained with large and projecting (prognathic) faces: their mandibles lack a chin; the mental foramen is located below the first molar; and there is often a space behind the third molar (retromolar space, commonly considered a Neanderthal autapomorphy; but see Franciscus & Trinkaus 1995; Trinkaus 2003; Rosas et al. in press) . In contrast, while modern humans are large-brained (although on average a little lesser than Neanderthals), they have small, less projecting (orthognathic) faces and their more gracile mandibles show a projecting chin, a human autapomorphy (Schwartz & Tattersall 2000; Lieberman et al. 2002; . While these differences are accepted as part of a species-specific suite of characters in adults, it is much less clear how they are formed during ontogeny.
Recent research on craniofacial ontogeny has led Ponce de León & Zollikofer (2001) to suggest that these basic differences and more subtle differences in overall proportions are already established in early post-natal ontogeny and are probably mainly due to pre-natal ontogenetic differences. Their geometric morphometric analysis was interpreted as showing that post-natal ontogenetic shape changes in Neanderthals did not differ from those of modern humans. Thus, parallel ontogenetic trajectories of shape transformation simply transform the post-natal cranium of both species in the same way. However, in their study no attempt was made to statistically falsify the hypothesis of parallel ontogenies. Ponce de León & Zollikofer (2001) also suggested that ontogenetic allometry, i.e. the post-natal covariation of shape with size, was identical in modern humans and Neanderthals.
Using Euclidean distance matrix analysis (Lele & Richtsmeier 1991; Richtsmeier 2002) , Krovitz (2003) also noted the early presence of species-specific differences between Neanderthals and modern humans. Additionally, she found morphological differences that became further accentuated during post-natal ontogeny, implying divergent post-natal trajectories.
Thus, our current understanding of how the adult differences between Neanderthals and modern humans arise is unsatisfactory; do both human species grow similarly or differently? Is post-natal ontogeny an important contributor to differences in adult morphology? The current study addresses these questions using a substantial dataset of modern humans and a fair proportion (30, of which 10 are subadult) of all known Neanderthal mandibles.
From a consideration of what is known about the regulation of facial ontogeny, there is good reason to expect divergence of trajectories between these species. First, facial growth terminates rather late in ontogeny Bastir et al. 2006b ). Therefore, it is unlikely that the retromolar space is present at early stages, as suggested by Ponce de Leó n & Zollikofer (2001) . Second, preliminary palaeohistological analysis has suggested different growth field distributions in mandibles of Homo heidelbergensis and modern humans (Martínez-Maza & Rosas 2002; Rosas et al. in press; Rosas & Martínez-Maza in press ). These Middle Pleistocene hominids are ancestors to Neanderthals and differ considerably from modern humans Rosas et al. 2006) . Since different growth field distributions imply different growth trajectories (O'Higgins & Jones 1998; O'Higgins et al. 2001) , there is evidence of differences from modern humans in these putative Neanderthal ancestors. If Neanderthals shared their bone remodelling pattern (and thus ontogenetic trajectories) with modern humans, then this would require convergence. The unlikely alternative is that histological analysis of bone surface topography (Bromage 1989 we might expect divergent facial ontogenetic trajectories. This is because it has been shown that the formation of the retromolar space depends strongly on allometric factors ( Franciscus & Trinkaus 1995; ). Finally, differences in basicranial architecture between Neanderthals and modern humans (Lieberman 1998; Spoor et al. 1999; McBratney & Lieberman 2003; Bastir et al. 2006a,b) probably have some knock-on effects on facial ontogeny, since it has been suggested that the anterior parts of basicranium and, particularly, the lateral parts form a template upon which the face grows (Enlow & Azuma 1975; Enlow 1990; Bastir et al. 2006a; Bastir & Rosas 2006) .
Thus, in the present study, we aim to compare the postnatal ontogenetic changes in the facial skeleton of Neanderthals and modern humans. An earlier study (Bastir et al. 2006b ) has confirmed the hypothesis (Enlow 1990 ) that mandibular growth terminates late in facial ontogeny. Consequently, it is influenced by and reflects the spatial and mechanical consequences of the development of earlier maturing structures. Mandibular ontogeny can therefore be expected to be a sensitive indicator of facial ontogeny as a whole. The null hypothesis under test in this paper is that mandibular ontogeny in size and shape is identical between modern humans and Neanderthals.
MATERIAL AND METHODS
Thirty three-dimensional landmarks (table 1) were digitized on original fossils or casts, where originals were not available (table 2) with a MicroScribe 3DX digitizer. The comparative First, a PCA in shape space was carried out of mandibular data from both groups combined. The scatters of the ontogenetic series on combinations of PCs and plots of PCs versus centroid size were examined for evidence of divergence of trajectories and linearity as a prerequisite to linear modelling and comparison of these trajectories. Second, a PCA in Procrustes form space (size-shape space) of the data from both groups combined was carried out and plots were examined in the same way. This latter method uses Procrustes registration, but reintroduces ln-CS to the data matrix (which now comprises shape coordinates and ln-CS) before principal components analysis is carried out (Mitteroecker et al. 2004) . Ln-CS usually has the largest variance of any column of this matrix, and the first principal component of the size-shape (Zform) distribution is often closely aligned with size. In this circumstance, this method is well suited to compare the ontogenetic scaling trajectories (Mitteroecker et al. 2004 (Mitteroecker et al. , 2005 . These analyses were supplemented by multivariate regression of shape on centroid size within each group. These analyses led to the finding that in each group, the first PC in shape space almost exclusively represents mandibular shape ontogeny. Subsequently, the angle between this PC from PCA of shape coordinates in each species was computed and its significance was assessed using a permutation test, in which species membership was randomly permuted and the angle recalculated. One thousand permutations were carried out and the estimated angle between the species was compared with the distribution of permuted angles to assess its significance. For this test, we retained the full, but unequally sized, samples of modern humans and Neanderthals, because reducing the modern human sample size to match that of Neanderthals would simply reduce the power of the test and equality of sample sizes is not a requirement of the test.
For comparing multivariate ontogenetic shape scaling (allometry), MANCOVA was employed, regressing shape ( PC scores) on centroid size. The significance of the interaction between centroid size and species gives an indication of the likelihood that scaling differences exist between the species (Rosas & Bastir 2002 ).
RESULTS
The principal components analyses indicate that the ontogenetic trajectories of each species are approximately linear in both Procrustes shape and form spaces. After common generalized Procrustes analysis and separate PCA of each species, the angle between the first PCs of each species is estimated to be 448 (computed from the dot product of the eigenvectors). A permutation test with 1000 runs indicates that this angle is significant with a p-value of less than 0.01. Thus, there is strong evidence of divergent ontogenetic shape changes between Neanderthals and modern humans.
Subsequent analyses focus on ontogenetic scaling (allometry). The first comprises a PCA in Procrustes form space of the two species combined, from which PC1 explains 89% of the variance in size and shape; PC2, 3.2%. These are plotted in figure 1. PC1 represents 'common' aspects of ontogenetic shape change in both species with smaller, younger individuals towards its negative pole. For the same ontogenetic stage (assessed by dental development), there is a marked tendency for Neanderthals to have more positive scores on PC1. This means that, in general, juvenile Neanderthals express the aspects of form variation represented by PC1 that are typical of later stages in modern humans; Neanderthals being somewhat 'overgrown' relative to modern humans (see below). PC2 (figure 1a-c) represents some of the differences that develop between Neanderthals and modern humans, such that smaller, younger Neanderthals (central, K0.3, scores on PC1) overlay the human sample on PC2 while adults (rightmost scores on PC1) are widely separated. Thus, the trajectories diverge on the plot of PC1 versus PC2 (figure 1). A slight divergence is also present on PC3 and no further divergence was evident on inspection of other PCs except PC8, on which the juvenile Neanderthals are distinguished from the juvenile humans. On PC8, the scores for Neanderthals correlate rZ0.6 and pZ0.001 with centroid size, but those for humans show no Note the strong vertical expansion, the relatively narrower and higher rami and chin formation in adult humans. These shape changes contrast with Neanderthals, who show much lower and broader rami, and very strong forward growth of the corpus and even more so at the dental arcade. These ontogenetic changes produce both the retromolar space and a sloping chinless symphysis in adults.
significant correlation (rZK0.14 and pZ0.1). Anatomically, PC8 represents mediolateral broadening of the precanine dental arcade and corpus and variation in the relative height of the coronoid. Note, however, that while this PC represents 0.3% of total size and shape variance, it accounts for approximately 1.5% of total shape variance. This is further evidence of the differences in post-natal ontogenetic scaling. Multivariate analyses of covariance of all PC scores show a highly significant effect of both principal factors (species: Wilks' lZ0.18, FZ4.74, p!0.0001 and centroid size: Wilks' lZ0.06, FZ15.76, p!0.0001) as well as of their interaction (Wilks' lZ0.15, FZ5.64, p!0.0001). These results indicate highly significantly different allometric scaling patterns in Neanderthals and modern humans.
The inset images of figure 1a-c indicate the ontogenetic shape changes in both species represented by the first two PCs. The common aspects of facial ontogeny represented by PC1 and divergent aspects represented by PC2 are shown with overlain transformation grids in the mid-sagittal plane computed using a triplet of thin plate splines in figure 2. These grids therefore accurately represent ontogenetic deformations of the symphyseal region, through which they pass and interpolated deformations between the two hemimandibles elsewhere. The deformation consists of vertical increase in posterior facial height, leading to an increasingly rectangular spatial relationship between the corpus and the ramus. The surface rendered models in figure 1 and the TPS grids in figure 2c,d (humans, Neanderthals, respectively) further underline the postnatal ontogenetic differences between the species.
In Neanderthals, mandibular ontogeny manifests relative forward and downward growth displacement of the molar region of the alveolar process producing the retromolar space and elevation of the anterior dental arcade, together with the anterior part of the mandibular corpus. Ontogenetic shape changes are much less pronounced in the posterior ramus and the inferior border of the corpus than in the anterior ramus and alveolar process. In contrast, modern humans are characterized by a strong vertical component of facial ontogenetic shape change considerably increasing the relative height of the ramus and by projection of the chin. The strong vertical component also produces a relatively narrow posterior mandible when compared with Neanderthals (not shown but evident in frontal perspective).
These different aspects of post-natal growth and development produce the typically enlarged, prognathic Neanderthal faces and the reduced, orthognathic faces in modern humans. Thus, morphological differences between the species are accentuated in post-natal ontogeny. The null hypothesis of identical ontogenetic shape change is rejected.
DISCUSSION
A key question in evolutionary biology addressing morphological variation is how ontogenetic processes contribute to the generation of adult form. Until recently, a common view has been that the morphological diversification is principally grounded in pre-natal ontogenetic modification, whereas post-natal ontogenies are rather similar among mammals except for heterochronic modifications (see Klingenberg 1998 for a recent review). With the rise in geometric morphometrics (Bookstein 1991; Rohlf & Marcus 1993) , providing more sensitive tools for detailed shape analyses, this picture has changed (O'Higgins & Jones 1998; O'Higgins et al. 2001) .
The aim of this paper was to use three-dimensional geometric morphometric methods to compare the postnatal facial ontogeny by examining mandibles from Neanderthals and modern humans. Recent studies addressing this issue have produced ambiguous results (Ponce de Leó n & Zollikofer 2001; Krovitz 2003) .
Our study suggests that there exist similarities between these species in the ways their mandibles change shape and scale during post-natal ontogeny. These principally relate to forward and downward expansion of the face Buschang et al. 1983; Bastir et al. 2006a,b) . In both species, post-natal ontogeny produces drastic changes in the spatial relation between the corpus and the ramus owing to the vertical growth occurring at the anterior and posterior face , and this fits with the results of Ponce de Leó n & Zollikofer (2001) .
The clear differences in the mandibular ontogeny of Neanderthals and humans probably relate to differences in the anterior face; that is, in the ethmomaxillary complex, which is tightly integrated with the mandible . The Neanderthals show strong forward facial expansion, while in modern humans, expansion is more in the inferior direction ( figure 2c,d ). Such localized differences are compatible with the interpretations of Krovitz (2003) . With respect to the alveolar region, it is possible that ontogenetic differences in the maturation of the teeth may also be involved in the observed divergence of shape trajectories (Boughner & Dean 2004; Macchiarelli et al. 2006) . Figure 2 . The deformation grids in (a) and (b) show the aspects of post-natal growth and development in humans and Neanderthals as represented by PC1 alone. Both species increase their relative vertical facial height and show an increased angulation between the ramus and the corpus. In (c), the final stage of human ontogeny is shown, which is characterized by a strong supero-inferior expansion of the mandible and a retraction of the dental arcade with respect to the lower part of the symphysis (forming the human chin). In (d ), shown are the increasingly forward growth in Neanderthal facial ontogeny, produced by a forward shift of the alveolar process, which is responsible for the typical Neanderthal retromolar space and the sloping symphysis.
Pertinent results were reported earlier in a study comparing the adult scaling relationships of different mandibular modules . Neanderthals showed stronger antero-posterior variation in the 'supranerve unit' than did modern humans, indicating that variation among adults reflects the facial projection of this species , while in modern humans, adult variation is related to facial height . The results of the present study suggest that these earlier findings probably have a basis in contrasting patterns of facial ontogeny.
The differences between the adults of the human species in this study arise in large part through differences in pre-natal development and clearly in smaller part through differences in post-natal ontogeny. In addition to the shape and scaling trajectory differences identified in this paper, the post-natal facial ontogeny of Neanderthals is also probably characterized by higher rates of growth and shape transformation at very early developmental stages (Ponce de Leó n & Zollikofer 2001; Ramirez Rozzi & Bermudez de Castro 2004) . Plots of dental ages (not presented) show that Amud 7 is at the large extreme of the distribution of human material with comparable dental development. Older juvenile Neanderthals (Gibraltar, Teshik Tash, but particularly those approximating adolescence, such as Krapina C, Zaskalnaya, Ehringsdorf G) possess progressively larger sizes for their dental ages than their modern human dental counterparts. This is compatible with relatively increased developmental rates and possibly even implies the presence of an adolescent growth spurt (Bogin 1999) in Neanderthals.
Therefore, our study indicates that the facial ontogeny of both species is consistently different at all stages and that differences in spatio-temporal aspects of post-natal ontogeny contribute to the establishment of differences in adult form. Future studies should address the proximate causes for these differences. For example, palaeo-histological evidence for differences in growth field topography (Martínez-Maza & Rosas 2002; Rosas et al. 2006; Rosas & Martínez-Maza in press) could clarify the contribution of different growth patterns and rates to adult morphological differences. Future studies in Neanderthals should particularly investigate the junction of the corpus and the ramus (area of retromolar space) and the anterior corpus region, which is where most of the ontogenetic differences seem to occur.
